Three feeding experiments were conducted pragmatically to determine energy and protein requirements of different sized yellowtail (31, 94, and 506 g on average) for maximum growth and maintenance of body weight under different water temperatures (29.8, 27.1 and 18.8°C on average) in small net cages. Fish were fed to satiation or at levels between 10 and 70% of the satiation level or at body weight maintenance levels or starved. The experimental diets were extruded dry pellets with known digestible energy (DE) and protein (DP) values. The growth rate was highest for the satiation group and decreased proportionally to the feeding levels. The DE and DP requirements for maximum growth were 206 kcal and 22.5 g, 274 kcal and 27.3 g, and 82 kcal and 7.7 g/kgBW per day, respectively, for fish with the initial body weight of 31, 94, and 506 g; while the requirements for maintenance of body weight were 31 kcal and 3.4 g, 31 kcal and 3.1 g, 29 kcal and 2.7 g/kgBWper day, respectively. Both the requirements for maintenance of body energy content were significantly higher than those for maintenance of body weight.
INTRODUCTION
Mariculture, which forms 75% of aquaculture in Japan was initially developed using raw fish-based feeds, particularly containing sardines, an abundant natural resource. However, the steady decline in sardine catches has led to an increased use of dry pellets. A new type of dry pellet, the soft-dry pellet (SDP), was developed in 1988 1 for yellowtail Seriola quinqueradiata. At present, many feed companies produce dry pellets for red sea bream, yellowtail, and other cultured species but there are differences in the protein and energy contents of these diets which result in different protein/energy ratios. A feeding rate based on the energy requirements should be adopted so as to supply the needs, depending on the species. [2] [3] [4] Optimum feeding rates of salmonids in Europe and America were determined based on energy requirements and optimum digestible protein (DP)/digestible energy (DE) ratios for different fish sizes at various water temperatures, leading to the establishment of feeding standards. 5, 6 Aquaculture in Japan has lagged behind in changing over to pellet feeds and the energy requirements and feeding ratios for cultured marine fish species have not yet been established. In former experiments, 7 therefore, energy and protein requirements of yellowtail for maximum growth and maintenance of body weight and body energy content were determined with various fish sizes under different water temperature, using indoor tanks. The requirements were found to decrease with an increase in fish size and a decrease in water temperature. The present study was also conducted for the same purpose, but at a pragmatic level, using floating net cages under the natural seawater temperature, thereby enabling direct comparisons with our previous observations. This experiment was carried out by feeding different sized yellowtail with predetermined levels of SDP of known DE and DP values for selected periods. This method had been previously used to determine energy and protein requirements for other cultured species such as rainbow trout 8, 9 and carp. 10 
Original Article
Energy and protein requirements of yellowtail for maximum growth and maintenance of body weight assuming that the group with the highest feed intake as having consumed to their satiety, hence considering the satiation group for the experiment. From the subsequent day, the proposed feeding rates, calculated on the bases of the satiation group were assigned to the different groups. Fish belonging to the group fed to maintain the body weight were offered rations (0.97% in experiment 2 and 0.24% in experiment 3) based on calculations from previous experiments. 7 All fish were fed to their corresponding levels twice a day, at 09:00 and 16:00 h.
Experimental set-up
The fish of a wild origin were reared on a commercial SDP (Sakamoto Fish Feed Co. Ltd, Chiba, Japan) until the start of the feeding experiments, which were carried out in floating net cages located near the Nagasaki Prefectural Institute of Fisheries. All experimental conditions are shown in Table 2 . In experiment 1, fish having an average body weight of 31 g, were divided into six
MATERIALS AND METHODS

Diets and feeding levels
Experimental diets were prepared as SDP by a large twin screw extruder. 11 The dietary ingredients and proximate composition of the basal SDP are shown in Table 1 . The experimental diets had 58-67% fish meal as the main protein source and 11.0-19.6% feed oil as the lipid source. They contained 47.7-49.6% crude protein (CP), 16.7-25.7% crude lipid (CL), and had a gross energy (GE) of 4.8-5.5 kcal/g. The digestible energy and protein were calculated based on the respective values of 90% and 85%, 12 and the DE/DP ratios were found to range between 91.4 and 106.4, the lower ranges being slightly lower than the optimal value for yellowtail. [13] [14] [15] The feeding regimens were at satiation, 10-70% of satiation (experiment 1), and 15% of satiation and maintenance body weight (experiment 2), and maintenance body weight (experiment 3), and starvation. The levels were decided by feeding all groups to satiation and 1054
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Sample collection and analysis
The initial and final body weights of each group of fish were measured after they were starved for 24 h. At the start and at the end of the experiments, 10 fish from each group were sampled for whole body and five fish for liver and muscle proximate composition analysis. From the starved group five fish were sampled every week or every 10 days. All samples were immediately stored at -30°C until analysis. For whole body analysis, samples were homogenized using a super-fibrator (Hasagawa Co., Shizuoka, Japan). Liver and dorsal muscle from five samples were pooled and homogenized using a Multiblender Mill (Nihonseiki Kaisha Ltd, Tokyo, Japan). Samples were analyzed for protein, lipid, ash, moisture, and gross energy following methods described previously. 12 Energy partitioning was calculated based on DE intake and daily energy retention using the same method adopted earlier.
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RESULTS AND DISCUSSION
Growth and feeding performance
Growth and feeding performance are shown in Table 3 . In experiment 1, fish fed to satiation showed a daily feeding rate (DFR) of 5.05%, a growth rate of 316%, and a feed gain ratio (FGR) of 1.04. Growth rates decreased corresponding to the feeding levels. Starved fish lost 11.5% of their body weight after 1 week and 24.2% after 3 weeks. Fish fed to 70% satiation had a superior FGR (0.94), followed by fish fed 50% (0.96), indicating that they grew more efficiently. Feed gain ratio values varied only slightly and hence it would be more appropriate to judge the performance based on growth rates, which were remarkably higher for fish fed to satiation. Fish fed 10% grew a little, but energy of whole body (NEp) decreased by 1.1 kcal/kgBW per day as against a drop of 38.5 kcal/kgBW per day in the starved fish after 3 weeks.
In experiment 2, the DFR of the satiation group was 6.37 and fish grew from 94 g to 266 g with a growth rate of 181.6% resulting in an FGR of 1.14, the best obtained. Fish fed to the body weight maintenance level had a 5.1% growth rate, thereby suggesting that feed intake was higher than that required for the maintenance of body weight. However, NEp was -5.8kcal/kgBW per day, indicating that the amount of feed consumed was not enough to maintain the energy content of the whole body. Starved fish lost 7.9% of their body weight and 31.1 kcal/kgBW per day of NEp. These values were lower than those of the starved fish in experiment 1, probably because the fish were larger in experiment 2. SGR, specific growth rate; FGR, feed gain ratio; DFR, daily feeding rate; NEp, energy gain (kcal/kgBW per day). *See the footnote of Table 2 .
Analytical results
Moisture, protein, lipid, and energy contents of the initial and final whole body of fish from all experiments are shown in Table 4 . In smaller sized fish (experiment 1) fed between 30 and 100% of the satiation level, the lipid contents were higher than those of the initial fish and the increase was proportional to the feeding level.
Protein contents were higher than those of the initial in all groups and there were no marked differences between fish fed 30-100%. Ash and energy contents of fish fed 30% were similar to those of the initial fish; that apart, energy content increased with increasing feeding levels.
As expected, in starved fish, ash and moisture contents increased and protein and lipid decreased, leading to a decrease of energy content. In experiment 2, lipid and energy contents increased and protein and moisture decreased in fish fed to satiation. There were no marked differences between fish fed 15% and the initial fish. For those at the maintenance level, the lipid contents decreased and moisture contents increased, leading to a decrease in energy content.
In experiment 3, moisture and protein contents decreased as lipid, ash, and energy contents increased in fish fed to satiation. At the maintenance level there was a marked decrease in lipid content unlike those of the fish fed to satiation. Similar to experiments 1 and 2, the energy contents decreased due to the decrease of protein and lipid in the starved fish.
Comparing the three feeding trials, the diminishing rate of protein contents in experiments 1 and 2 during starvation was higher than in experiment 3, suggesting that those fish depended on protein as an energy source. The fish from experiment 3 were larger and had greater stores of lipid which provided the energy needs, sparing protein.
Percentage changes in whole body composition during starvation on the respective sampling days are shown in Fig. 2 . Although the changes in proximate composition were small for the first week in experiment 1, lipid contents decreased remarkably thereafter, indicating that it was easily used as an energy source. Furthermore, the protein content was more stable during the first 2 weeks and was only used after 15 days. Moisture content increased progressively (8.9%) over the 3 week period, while the energy content decreased by 51%.
In experiment 2, the lipid contents decreased markedly during the first 2 weeks but slowed down during the third week. Moisture content increased by 8.6% after 3 weeks and energy content decreased to about 65%. The loss in energy upon starvation was lower than that of experiment 1.
The changes in proximate composition were the least in experiment 3, where the energy decreased to only 93.9% of the initial value after 20 days. In particular, the decrease in protein content was much less, decreasing by In experiment 3, fish fed to satiation showed a growth rate of 25.9%, while fish fed the ration for maintenance lost 7.8% of their body weight and 13.0% in terms of energy. Therefore, the ration size used in this experiment for the maintenance of body weight did not serve its purpose. Starved fish shed 6.9% of their body weight and 23.5 kcal/kgBW per day of NEp.
On comparing the three experiments, the drop in the NEp among starved fish was more pronounced in smaller sized fish. Also, the specific growth rate (SGR) showed a positive correlation with DE intake (Fig. 1) . only 2% during 30 days; attributable to the larger fish size and lower water temperature. These trends further indicate that fish initially use lipid as energy source on starvation, and later on protein too, in conformity with reports on yellowtail 16 and other species. [17] [18] [19] Although it was reported that mortality occurred after 20 days among starved yellowtail with the initial body weight of 12.8 g at water temperature of 23-26°C, 20 in rainbow trout of 8 g initial size it happened only after 48 days at 17°C, prior to which the lipid contents decreased over a period of 6 weeks. 17 Therefore, when compared under respective optimum water temperatures, rainbow trout takes longer to use up such energy sources than yellowtail, indicating the higher energy requirements of yellowtail.
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Apparent retention of energy and protein
The total protein and energy retention in fish of all experiments are shown in Table 5 . In experiment 1 there were no marked differences in protein retention among fish fed at satiation levels 30% and above, although it was slightly lower at 100%. The energy retention was highest in fish fed 70% followed by fish fed to satiation. Although fish fed 10% showed a positive growth rate and protein retention, energy retention was negative. On the other hand, in experiment 2, although fish fed 15% and lipids, rather than proteins were used as initial energy sources.
The relationship between DE intake and daily energy and protein retention is shown in Fig. 3 . An increase in DE intake resulted in an increase in energy and protein retention, but the latter eventually seemed to reach a plateau at around 200-250 kcal/kgBW per day in experiment 1. More data are required to clarify these relationships for larger fish such as those used in experiments 2 and 3.
Energy and protein requirements
The energy and protein requirements for maximum growth were calculated based on the DFR of the satiation group, while the requirements for maintenance of body weight were based on when the specific growth rate was zero (Fig. 1) . Energy and protein requirements, calculated as stated above are shown in Table 6 . In fish the maintenance ration had positive growth rates of 20.6% and 5.1%, respectively, protein and energy retentions were negative. In experiment 3, retention of both protein and energy were lower even in fish fed to satiation than in other experiments, let alone those fed the maintenance level.
Total percentage of energy and protein retentions were similar to those obtained in our corresponding study conducted in tanks. 7 The differences among the groups were larger for energy retention, suggesting that 1058 having an initial body weight of approximately 30 g, the DFR of the satiation group was 5.1% and DE and DP intakes were calculated to be 206 kcal and 22.5 g/kgBW per day, respectively. When the growth rate was zero, DE and DP intakes were 30.6 kcal and 3.4 g/kgBW per day (Fig. 1 ). Comparing these with the values of the other two experiments, we found that DE and DP requirements for maximum growth ranged between 82 and 274 kcal and 7.7-27.3 g/kgBW per day, respectively, and those for maintenance of body weight ranged between 29 and 31 kcal and 2.7-3.4 g/kgBW per day in fish with the initial body weight ranging between 31 and 506 g. In general, these requirements decreased with increasing fish size and decreasing water temperature.
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The energy requirements for the maintenance of whole body energy and protein contents were estimated from the relationship between DE intake and the retention data. The daily energy retention was zero at a DE intake value of 54.6 kcal/kgBW per day, while protein retention was zero at a DE intake value of 43.3 kcal/kgBW per day in fish with an initial body weight of 31 g (Fig. 3) . Based on the relationship between DP intake and the daily retention levels, the protein requirements for the maintenance of whole body energy and protein were 5.9 and 4.4 g/kgBW per day, respectively (Fig. 4) . On the whole, the DE and DP requirements for the maintenance of whole body energy ranged between 43 and 55 kcal and 4.0-6.0 g/kgBW per day, respectively, and those for the maintenance of whole body protein ranged between 30 and 43 kcal and 2.8-4.5 g/kgBW per day, respectively, for the experiments with different sized fish. Figure 5 depicts the relationship between fish size and energy requirements for maximum growth and maintenance of body weight on the basis of the present results and those from earlier studies carried out in 500 L tanks lower in larger fish (Table 3) . On other hand, the net energy requirement for body energy maintenance as estimated from the relationship between DE intake and energy retention (Fig. 3) 21 Therefore, metabolizable energy (ME) for the present study was calculated by assuming the value of non-fecal energy loss as 2-4% of the DE intake as suggested by Ruchimat et al. 21 and subtracting the non-fecal energy loss from the DE intake. The heat increment (HI) of feeding was determined by subtracting the net energy for maintenance (NEm) from the ME value. The daily energy retention obtained by this analysis was equal to the NEp value. The energy partitions of fish fed to satiation are shown in Table 7 . On the basis of the cumulative data from the experiments, the energy partitioning in fish fed to satiation is: 23.7-36.0% as NEp, 8.7-25.7% as NEm and 31.9-40.1% as HI. Although it was reported that HI were influenced by protein and lipid contents in diets, there were no remarkable differences in the HI/GE values among our experiments. Net productive energy/ GE values were lower for larger fish, probably due to a slow down in growth and a decrease in use of energy. Compared to the results of previous study, NEp/GE of fish stocked in net cages were lower than those for fish in tanks 7 and the NEm/GE values were higher in the former, particularly for fish weighing 506 g.
Cho et al. estimated the influence of water temperature and daily protein and fat levels upon the energy budgets in rainbow trout. 8 When a diet having 34% digestible protein and 22% lipid was fed to rainbow trout of 19-66 g at 15°C, the distribution of GE intake was 22% for fecal energy, 8% for non-fecal energy, 8% for HI, and in net cages during winter season. 15 Generally, these requirements decrease with increasing body weight and the requirements for maximum growth of fish stocked in 500 L tanks were slightly lower than those for fish stocked in net cages. This may be because the fish in cages have a higher swimming activity relative to those in tanks.
Energy budgets
The net energy requirement for maintenance of body energy and activity (NEm) were estimated by two methods: (i) the energy loss during starvation; and (ii) the relationship between DE intake and energy retention. Employing the former method, energy loss per day during starvation was considered as the energy requirement for maintenance of body energy and activity and was 38.5 kcal/kgBW per day in fish weighing 31 g, 31.1 kcal/kgBW per day in the 94 g fish and 23.5 kcal/kgBW per day in the 506 g fish, the loss being 1060 FISHERIES SCIENCE K Watanabe et al. DFR, daily feeding rate (%); GE, gross energy intake (kcal/kgBW per day); NEp, productive energy; NEm, net energy value for maintenance of body energy and activity (kcal/kgBW per day); HI, DE -(NEp + NEm).
49% for NEp, and 13% for NEm. Heat increment was lower and NEp was higher and NEm value was similar when compared with yellowtail of overlapping size groups (31 and 94 g).
Energy budgets calculated for rainbow trout (average 23.7 g, 14-16°C) fed a white fish meal diet by Ohta and Watanabe 9 showed NEp to be higher than that of yellowtail as observed above, but NEm was lower. It is therefore considered that NEm would depend on experimental condition, as indicated by the observations on rainbow trout. Furthermore, the value for HI/GE was similar to yellowtail; the difference in HI/GE values of rainbow trout between Cho et al. 8 and Ohta and Watanabe 9 is probably because HI values were affected by dietary protein and lipid contents as reported. 8 Considering the energy budgets of carp, 10 NEp/GE and NEm/GE values decreased with fish size; the same tendency being observed only for NEp of yellowtail.
The data from the present study would help in streamlining the feeding practices, particularly for active fish, including yellowtail.
